The effects of the histone deacetylase inhibitors (HDACi) trichostatin A (TSA) and sodium butyrate (NaBt) were studied in A549, HT29 and FHC human cell lines. Global histone hyperacetylation, leading to decondensation of interphase chromatin, was characterized by an increase in H3(K9) and H3(K4) dimethylation and H3(K9) acetylation. The levels of all isoforms of heterochromatin protein, HP1, were reduced after HDAC inhibition. The observed changes in the protein levels were accompanied by changes in their interphase patterns. In control cells, H3(K9) acetylation and H3(K4) dimethylation were substantially reduced to a thin layer at the nuclear periphery, whereas TSA and NaBt caused the peripheral regions to become intensely acetylated at H3(K9) and dimethylated at H3(K4). The dispersed pattern of H3(K9) dimethylation was stable even at the nuclear periphery of HDACi-treated cells. After TSA and NaBt treatment, the HP1 proteins were repositioned more internally in the nucleus, being closely associated with interchromatin compartments, while centromeric heterochromatin was relocated closer to the nuclear periphery. These findings strongly suggest dissociation of HP1 proteins from peripherally located centromeres in a hyperacetylated and H3(K4) dimethylated environment. We conclude that inhibition of histone deacetylases caused dynamic reorganization of chromatin in parallel with changes in its epigenetic modifications. sodium butyrate (NaBt) (Bell and Jones, 1982; Hague at al., 1993; Koyama et al., 2000) . At the cellular level, both these hyperacetylating agents produce cell-cycle arrest, differentiation and apoptosis (Barnard and Warwick, 1993; Koyama et al., 2000) (reviewed by Marks et al., 2001 ). Histone acetylation is often crucial in preparing the histone template for HMTs. For example, H3(K4) methylation, associated with active chromatin, is induced by HMT, which inhibits HDAC recruitment (Litt et al., 2001; Noma et al., 2001; Rice and Allis, 2001; Bernstein et al., 2002) . In this way, an HMT such as yeast Set1 can probably mediate transcription by protecting active coding regions from deacetylation (Bernstein et al., 2002) . Demethylation of H3(K4) by a nuclear homologue of amine oxidases (LSD1) has been described as a new mechanism involved in epigenetic modification of histones (Shi et al., 2004) .
We have studied the effects of HDAC inhibitors on chromatin organization and its epigenetic modifications. The treatment of cells with HDAC inhibitors resulted in a number of cellular effects, including decondensation of chromatin, cellcycle changes and induction of cell death by apoptosis in a fraction of the cell population. In addition, NaBt caused enterocytic differentiation of HT29 cells. Irrespective of the cellular processes induced, an increase in global levels of dimethylated H3(K9) and H3(K4) and acetylated H3(K9), and decreased levels of HP1 proteins, were found by western blotting. It seems that the nuclear periphery was particularly affected by HDAC inhibition. Both HDAC inhibitors changed peripheral H3(K9) into a strongly acetylated state, and H3(K4) into a dimethylated state, while the pattern of H3(K9) dimethylated regions was not affected. In addition, focally distributed HP1 proteins were redistributed closer to the nuclear interior, while centromeric heterochromatin was repositioned to the periphery. HP1 proteins of HDACi-treated cells were strongly associated with interchromatin compartments, which also suggested the dissociation of HP1 proteins from peripherally located (probably non-acrocentric) centromeres. Finally, we point out that treatment of cells with HDAC inhibitors caused substantial changes in histone modifications, accompanied by dynamic reorganization of chromatin. In spite of these changes in chromatin organization, the basic features of the radial arrangement of the genome (Sadoni et al., 1999; Skalníková et al., 2000; are preserved.
Materials and Methods
Cell cultivation and treatments Human small lung carcinoma cells A549 (ATCC) were plated at a density of 2ϫ10 5 /ml in Dulbecco's modified Eagle's medium (DMEM; PAN, Aidenbach, Germany) supplemented with 10% fetal calf serum, and the cells were treated the next day with the HDAC inhibitors trichostatin A (TSA, 75 nM; Sigma-Aldrich, Prague, Czech Republic) and sodium butyrate (NaBt, 5 mM; Sigma). Analyses were performed 48 hours after the HDAC inhibitor treatment. Human colon adenocarcinoma HT29 cells (ATCC) were also given TSA stimulation but at 25 nM concentration. The effects of NaBt were also studied in HT29 cells and in addition, the combination of NaBt with tumour necrosis factor ␣ (TNF␣) (Kovaríková et al., 2000) was tested. NaBt has the potential to induce differentiation of cells into enterocytes (Kovaríková et al., 2000) . Twenty-four hours after plating, the cells were treated for 48 hours with NaBt (5 mM), TNF␣ (15 ng/ml) (Sigma), or a combination of the two. In order to compare differentiation of normal and tumour cells, the effect of NaBt was also studied in normal human embryonic colon FHC cells (ATCC) cultured in a mixture of Ham's F12 and DMEM (Sigma) containing Hepes (25 mM), cholera toxin (10 ng/ml), insulin (5 g/ml), transferrin (5 g/ml) and hydrocortisone (100 ng/ml), supplemented with 10% fetal calf serum (PAN). All cell lines studied were cultured in standard conditions at 37°C in a humidified atmosphere containing 5% CO 2 .
Immunostaining of interphase nuclei Cells were fixed with 4% formaldehyde for 10 minutes at room temperature (RT), permeabilized with 0.1% Triton X-100 for 3 minutes and with 0.1% saponin (Sigma) for 12 minutes, and washed twice in PBS for 15 minutes. They were then incubated for 1 hour at RT in 1% BSA dissolved in PBS. The slides were washed for 15 minutes in PBS, and cells were incubated with anti-dimethyl-histone H3 (Lys 9), anti-acetyl-histone H3 (Lys 9), anti-dimethyl-histone H3 (Lys 4); (cat. nos. , anti-HP1 ␤ (no. 07-333), anti-HP1␥ (clone 42s2, no. 05-690) and anti-CENP-A (no. 07-240). All antibodies were purchased from Upstate, Milton Keynes, UK. Each antibody was diluted 1:500 in 1% BSA dissolved in PBS, and then incubated overnight at 4°C. The cells were washed twice in PBS for 5 minutes and incubated for 1 hour with the appropriate fluorescein-conjugated secondary antibody [goat anti-rabbit IgG (no. F-0511), goat antimouse IgG (no. F-0257; Sigma) and Alexa Fluor 594 goat anti-mouse IgG 3 ; Molecular Probes], diluted 1:500 in 1% BSA dissolved in PBS. Immunostained cells were washed three times in PBS for 5 minutes, and DAPI (0.2 g/ml) or TO-PRO-3 iodide (0.04 g/ml, Molecular Probes, Invitrogen, KRD Ltd., Prague, Czech Republic) were used as counterstains. TO-PRO-3 has ability to stain both DNA and RNA and, therefore, nucleoli were strongly TO-PRO-3 positive. Nucleolar areas stained by TO-PRO-3 corresponded well to negative DAPI staining. When RNase treatment was used, TO-PRO-3 staining was absent in the nucleolar compartment. Nucleolar regions were easily distinguishable in both types of experiments with TO-PRO-3 counterstain.
Fluorescence in situ hybridisation applied after immunostaining (Immuno-FISH) Cells were fixed in 4% formaldehyde in PBS for 10 minutes before immunostaining. After image acquisition of immunostained nuclei, the coordinates of the cells were written to the computer memory, the cells were washed in PBS, and post-fixed with 4% formaldehyde. The cells were washed again in PBS (three times for 4 minutes), permeabilized for 10 minutes in 0.2% saponin in PBS and washed in 0.2% Triton X-100 in PBS for 10 minutes. The slides were rinsed in 0.1 M Tris-HCl (pH 7.2) for 15 minutes and equilibrated in 20% glycerol in PBS for 20 minutes. Next, the slides were twice frozen in liquid nitrogen and thawed. The target DNA was denatured in 50% formamide in 2ϫ SSC for 15 minutes at 75°C. Digoxigenin and/or biotinyl-labelled DNA probes were denatured prior to hybridisation, according to the manufacturer's instructions (Appligene Oncor, Gaithersburg, MD), and according to the hybridization solution used (Hybrisol VII, Oncor). We applied the following DNA probes: classical satellites of human chromosome (HSA) 9 (Oncor) and alpha satellites of HSA 8 and 10 (Oncor). Probes for the MYC gene (8q24.21 -clone RP11-440N18) and CCND1 (11q13.3 -clone RP11-300I6) were prepared in our laboratory by propagation in E. coli, DNA isolation, nick translation and Cot-1 DNA application. The clones originated from the libraries of P. de Jong, kindly provided by Mariano Rocchi, University of Bari, Italy. The conditions for the hybridisation and post-hybridisation washing were selected according to the manufacturer's instructions and/or in accordance with Bártová et al. Bártová et al., 2002) .
Western blotting
Cells were washed with PBS and lysed in sodium dodecyl sulphate (SDS) lysis buffer (50 mM Tris-HCl, pH 7.5; 1% SDS; 10% glycerol). Protein concentrations were determined using the DC protein assay kit (Bio-Rad, Bio-Consult, Prague, Czech Republic). Lysates were supplemented with Bromophenol Blue (0.01%) and 1% ␤-mercaptoethanol, and equal amounts of total nuclear proteins (10 g) were subjected to SDS-PAGE. Twelve percent polyacrylamide gel were used for analyses of all proteins studied. After being electrotransferred onto a polyvinylidene difluoride membrane (Immobilon-P, Sigma-Aldrich), proteins were immunodetected using appropriate primary and secondary antibodies, and visualized by ECL+Plus reagent (Amersham Pharmacia Biotech, Prague, Czech Republic) according to the manufacturer's instructions. The following primary antibodies were employed: antibodies against human dimethyl-histone H3 (Lys 9; no. 07-212, Upstate), anti-acetyl histone H3 (Lys 9; no. 06-942, Upstate), anti-dimethyl-histone H3 (Lys 4; no. 07-030, Upstate), anti-HP1␣ (clone 15.19s2; no. 05-689) , anti-HP1␤ (no. 07-333) and anti-HP1␥ (clone 42s2; no. 05-690). All these antibodies were purchased from Upstate. To verify the induction of apoptosis by HDACi, goat polyclonal antibody against the carboxyl terminus of mouse lamin B was used. This antibody (sc-6217, Santa Cruz Biotechnology, Santa Cruz, CA) crossreacts with the human homologue. The rabbit polyclonal antibody [PARP (H-250): sc-7150] against PARP protein of human origin was also used. PARP (H-250) reacts with PARP of mouse, rat and human origin. After immunodetection, each membrane was stained with Amido Black to confirm equal protein loading. Western blots were repeated two or three times on samples from independent experiments. In our experiments apoptosis was demonstrated not only by the presence of lamin B (45 kDa) and PARP (80 kDa) cleavage fragments, but early apoptosis was also detected by the TUNEL test as described by Bártová et al. (Bártová et al., 2003) .
Flow-cytometric analyses of the cell cycle Treated and untreated cells were washed twice in PBS and fixed for 30 minutes in 70% ethanol (-20°C) . After repeated washing in PBS, the cells were stained with propidium iodide diluted to 10 g/ml in Vindel's solution [1 mM Tris-HCl (pH 8.0), 1 mM NaCl, 0.1% Triton X-100, 10 g/ml RNase A] for 30 minutes at 37°C. The cell-cycle profile was determined with a FACSCalibur flow cytometer (Becton Dickinson, Franklin Lakes, NJ) equipped with an argon-ion laser, using the 488 nm laser line for excitation. CellQuest software running on an Apple Macintosh computer connected to the flow cytometer was used for the data acquisition. The cell-cycle phases were analysed with the aid of ModFit software (Verity Software House, Topsham, ME).
Image acquisition and analyses
Images of immunostained cell nuclei were acquired using a confocal system consisting of an argon/krypton laser (Innova 70, Coherent) with an acousto-optical tuneable filter (AOTF, Brimrose) for wavelength selection, and a confocal head (QLC 100; VisiTech International, Sunderland, UK) connected to a Leica DMRXA epifluorescence microscope (Leica, Wetzlar, Germany) with a Piezocontrolled z-movement (Physik Instrumente, Lambda Photometrics, Harpenden, UK). The scanning system was driven by FISH 2.0 software (Kozubek et al., 1999) running on a PC computer. The images were captured with a fully programmable digital CoolSnap CCD camera (Photometrix, Tucson, AZ). The magnification of the objective lens was 100ϫ (NA=1.3). The pixel/micron conversion factor was 15 pixels per micrometre. For adherent cells, 40 optical sections were scanned for each fluorochrome. In the case of quantitative immunocytochemistry, the fluorescence intensity was set optimally for control cells, and this exposure was retained for cells treated with HDACi in order to determine light intensity. Using FISH 2.0 software, the volumes of nuclei and changes in the volume of classical satellites of HSA 9 were calculated. In each optical section the area of the nucleus was determined, and a quantity proportional to the nuclear volume was further calculated from 40 optical sections as the sum of the section areas (S). The ratio of nuclear volumes in control and treated samples was calculated as S/Sc ϫ 100%, where S was the value for the treated cells and Sc the value for the control cell population. Student's t-test was used for statistical analyses.
The distances of given genetic elements (classical satellites of HSA 9, alpha satellites of HSA 8 and 10, the MYC and CCND1 genes and HP protein foci) from the nuclear weight centre, normalized to the local nuclear radius (R), were calculated in approximately 500 nuclei and averaged. The distances between homologous genetic elements, normalized to the average nuclear radius, were measured as additional parameters of nuclear topography. The distributions of fluorescence intensities across cell nuclei were determined using Andor iQ software (version 1.0.1 ANDOR Technology, South Windsor, CT). Student's t-test was used to calculate the significance of differences between distributions.
Results

HDAC inhibitors induce decondensation of interphase chromatin
In agreement with the known effect of TSA on chromatin [a decondensation in interphase nuclei (Tóth et al., 2004) ], we observed an increase in the nuclear volume of A549 cells treated with TSA and NaBt (Fig. 1A) . Compared with the control cell population, TSA caused an increase in the nuclear volume of approximately 56%, and NaBt of 43%. Similar effects, but to a different extent, were observed in HT29 cells treated with TSA, in which the nuclear volume was increased by 25% after TSA addition (Fig. 1A) . When the HDACitreated cells were cultured for 24 hour without inhibitors, the nuclear volume returned to control values (not shown). The HT29 cells differentiated by NaBt (Kovaríková et al., 2000) did not change their nuclear volume significantly (Fig. 1A) , which may be associated with differentiation-dependent chromatin condensation, which in this case is induced in parallel with histone hyperacetylation. Chromatin decondensation was also induced by HDACi in the classical satellites of human chromosome 9 (Fig. 1B) where the volume of this region was enlarged up to 3.6-fold. In addition, increases in the distances between specific loci on the same chromosome were observed (see the last paragraph of the Results).
Inhibition of histone deacetylases is accompanied by the induction of apoptosis in a fraction of the cell population Inhibitors of histone deacetylases also have an ability to induce cell death by apoptosis (Koyama et al., 2000; Tóth et al., 2004) . In our experiments, in parallel with chromatin decondensation, a fraction of the A549 and HT29 cells (<20%) was induced to undergo apoptosis, which in contrast, is characterized by extensive chromatin compaction into apoptotic bodies. In these experiments, TSA appeared not only to be a more effective chromatin decondensation agent than NaBt (Fig. 1A ), but also a more potent inducer of apoptosis, as shown by the presence of PARP (80 kDa) and lamin B (45 kDa) cleavage fragments, which are more prominent after TSA treatment than after NaBt treatment (Fig. 1C) . After HDACi treatment, terminally apoptotic cells detached from the culture dishes, but early apoptotic cells (5% according to the TUNEL test) were found in the adherent cell population. The fraction of early apoptotic cells, detected by the TUNEL test, was not included in immunocytochemical analyses.
Cell-cycle changes induced by HDACi
Flow cytometric analyses showed that TSA and NaBt induced specific changes in the cell-cycle profile. After TSA treatment, both A549 and HT29 cell lines were characterized by an increased number of cells in G2 phase ( Fig. 2A) compared with control values. By contrast, NaBt induced progressive accumulation of cells in G1 phase of the cell cycle. In addition, after both TSA and NaBt treatments fewer S-phase cells were found. The apoptotic sub-G1 peak contributed to the adherent cell population by less than 5% and, therefore, it was not involved in cell cycle analyses. After HDACi treatment M phase represented less than 2% of the adherent population, as demonstrated microscopically.
Distinct histone modification levels and nuclear patterns induced by HDAC inhibitors in small lung carcinoma cells The cytological changes observed in HDACi-treated cells were accompanied by an increase in global histone H3(K9) and H3(K4) dimethylation and H3(K9) acetylation (Fig.  2B ). In addition, specific interphase patterns were found after inhibition of HDACs in the A549 cells (Fig. 3A ,B,C, and quantification in D). In control cells, the H3(K9) dimethylated histones were homogeneously distributed in the interphase nuclei. H3(K9) dimethylation also appeared at the nuclear periphery and in the perinucleolar regions ( Fig. 3A and see TO-PRO-3 staining in Materials and Methods). TSA-and NaBt-treated cells were also homogeneously immunostained by anti-dimethyl H3(K9) (Fig. 3A) .
Interphase patterns of dimethylated H3(K4) and acetylated H3(K9) seem to be more dynamic than the pattern of histone H3(K9) dimethylation ( Fig. 3B,C ; compare with A and see the quantification in D). The nuclear periphery of control A549 cells contained a very small amount of histone H3 acetylated at K9 (Fig. 3B , white arrow) and the perinucleolar regions lacked H3(K9) acetylation (Fig. 3B , yellow arrows, and see TO-PRO-3 staining in Materials and Methods). After TSA treatment the cells became globally H3(K9) hyperacetylated, and many H3 histones in the nuclear periphery became acetylated [see Fig. 3D , acetyl H3(K9)-TSA]. In comparison with TSA stimulation, a slightly different interphase pattern was observed after NaBt treatment of A549 cells (Fig. 3B , NaBt). The nuclear periphery was not so densely H3(K9) acetylated as after TSA treatment. This observation supports our abovementioned statement that NaBt is not as potent an agent for inducing histone hyperacetylation as TSA. After NaBt treatment, enhanced H3(K9) acetylation was also detected as an increased fluorescence intensity (Fig. 3B,D) , however, two different nuclear regions without H3(K9) acetylation signals were found: perinucleolar regions (Fig. 3B , NaBt, yellow arrow, and see TO-PRO-3 staining in Materials and Methods) and large interchromatin compartments (Fig. 3B , NaBt, blue arrow).
Similarly to H3(K9) acetylation, dimethylation of histones H3 at K4 was mostly absent from a thin rim at the nuclear periphery of control cells, but this peripheral shell was not completely uniform (Fig. 3C, white arrow in control) . The perinucleolar regions of control cells also lacked H3(K4) dimethylation (Fig. 3C, last line, yellow arrow) . After both Journal of Cell Science 118 (21) TSA and NaBt treatments of A549 cells, intense global staining by anti-dimethyl H3(K4) was observed, which was most pronounced at the nuclear periphery (Fig. 3C , white arrows for TSA and NaBt). The densely H3(K4) dimethylated peripheral shell of HDACi-treated cells was not fully intact (see red arrow in Fig. 3C as an example). In the nuclei of HDACitreated cells, the perinucleolar regions continued to lack H3(K4) dimethylation (Fig. 3C, yellow arrows) , and interchromatin compartments were visible (e.g. Fig. 3C , blue arrow). Quantitative immunocytochemistry revealed that the patterns of H3(K9) acetylation and H3(K4) dimethylation were more dynamic after HDACi treatment than patterns of H3(K9) dimethylation (Fig. 3D) . In particular, the nuclear periphery underwent extensive changes in histone modifications (Fig. 3) .
Distinct histone modification levels and nuclear patterns induced by HDAC inhibitors in colon cell lines HDAC inhibitors such as sodium butyrate (NaBt) have been found to arrest cell growth and induce differentiation. In human colon adenocarcinoma HT29 cells, NaBt stimulates terminal enterocytic differentiation (Kovaríková et al., 2000) . Using this experimental model, selected histone methylation states were analysed in our experiments. In comparison with the untreated control (Fig. 4A,C) , NaBt increased the levels of dimethylated H3(K9), dimethylated H3(K4) and acetylated H3(K9), but to different extents (Fig. 4, NaBt) . The most pronounced differences between control and treated cells were observed for H3(K9) acetylation (Fig. 4A) . NaBt-mediated differentiation of HT29 cells can be partially inhibited by the addition of tumour necrosis factor ␣ (TNF␣) (Kovaríková et al., 2000) . In our experiments, a combination of these drugs potentiated induction of apoptosis (compare the 45 kDa cleavage fragment of the NaBt sample with that of NaBt+TNF in Fig. 4A ). This combined effect of NaBt+TNF␣ on cell differentiation and apoptosis was not reflected in changes in the levels of H3(K9) and H3(K4) dimethylation and H3(K9) acetylation (Fig. 4A) . Levels of dimethylation and acetylation of histones H3 were increased after treatments with NaBt, independently of the influence of TNF␣. TNF␣ did not itself change the levels of methylation and acetylation (Fig. 4A) . In order to compare normal and malignant cell phenotypes, histone methylation and acetylation states were also studied during enterocytic differentiation of normal human embryonic colon cells (FHC). For both normal and malignant cells induced to differentiate into enterocytes, we observed identical changes in the histone modifications studied (compare Fig. 4A and B) .
In additional experiments, the effects of both TSA and NaBt were tested and compared in HT29 cells. These experiments revealed identically increased levels of histone H3(K9) and H3(K4) dimethylation and H3(K9) acetylation (for comparison, the effects of TSA and NaBt on one gel are shown in Fig. 4C ).
As in A549 cells, H3(K9) dimethylated regions were also homogenously dispersed in the nuclei of HT29 control cells. The increased levels of H3(K9) dimethylation induced by TSA and NaBt in HT29 cells (Fig. 4C) were not accompanied by changes in the nuclear pattern of this epigenetic modification ( Fig. 4D, top row) . A pronounced increase in fluorescence intensity was found in HT29 cells stimulated with either TSA or NaBt after immunostaining with anti-acetyl H3(K9) (Fig.   4D , middle row). More densely stained nuclei appeared after TSA treatment than after NaBt cell stimulation. The H3(K9) acetylation pattern was characterized by visibly unstained Journal of Cell Science 118 (21) areas, probably representing nucleoli (Fig. 4D , middle row, yellow arrows), in contrast to the H3(K9) dimethylation that appeared at perinucleolar regions (Fig. 4D, top row) . As observed in A549 cells, H3(K9) acetylation was extended at the nuclear periphery of HDACi-treated cells, while the absence of H3(K9) acetylation was also confirmed at the nuclear periphery of control cells (Fig. 4D , white arrow in control). A similar nuclear pattern was also observed for H3(K4) dimethylation, which was characterized by increased fluorescence intensity at the nuclear periphery of TSA-and NaBt-treated cells (Fig. 4D , bottom row, white arrows) while an absence of H3(K4) dimethylation at the nuclear periphery was found in control HT29 cells (Fig. 4D , di-meH3(K4), white arrow in control).
HDAC inhibitors decrease the levels and change the interphase patterns of HP1 proteins Using western blots, the levels of all isoforms (␣, ␤, ␥) of heterochromatin protein HP1 were studied. These analyses revealed decreased levels of HP1 proteins in A549 and HT29 cells treated with HDAC inhibitors (Fig. 5A) . The most pronounced changes were observed for HP1␥ in A549 cells treated with both HDACi, while HP1␤ levels were only slightly reduced (western blot panel in Fig. 5A ).
The nuclear pattern of HP1 proteins (␣, ␤, ␥) in A549 cells treated with HDACi is shown in Fig. 5B . In these experiments it was observed that these proteins form specific foci in both the control and treated cells (Fig. 5B ) but, the most distinct foci could be seen in HDACi-stimulated cells (Fig. 5B) . In addition, the foci of all isoforms of HP1 proteins were located more interiorly in HDACi-treated cells than in control cells (Fig. (K9) dimethylation (17 kDa), H3(K9) acetylation (17 kDa) and H3(K4) dimethylation (17 kDa) analysed by western blots in (A) the human HT29 colon cancer cell line, and (B) normal colon cells FHC. In order to compare the effects of HDACi on normal and tumour cells, the following treatments were tested: sodium butyrate (HT29/NaBt; FHC/NaBt), TNF␣ (HT29/TNF␣; FHC/TNF␣) and a combination of NaBt with TNF␣ (HT29/NaBt+TNF; FHC/NaBt+TNF). In both cell types, in comparison with the control, there was a substantial increase in H3(K9) and H3(K4) dimethylation and H3(K9) acetylation after treatments involving NaBt. Apoptotic cleavage of lamin B (65 kDa) into a 45 kDa fragment was enhanced after the combined treatment with NaBt and TNF␣ (see A and B). Protein levels for all treatments were normalized to the selected band (arrow) of total nuclear protein levels. 
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). This central relocation of HP1 proteins was accompanied by repositioning of CENP-A regions (centromeric H3 variant) towards the nuclear periphery (Fig. 6A, Mid. confocal section) , which confirmed the dissociation of HP1 from peripherally located centromeric heterochromatin (Fig. 6B) . However, in our experimental system, some interiorly positioned centromeres remained associated with HP1␣ (Fig. 6B) .
In the case of HP1␥ it was demonstrated that the foci can be found in interchromatin compartments (ICs) of HDACi-treated cells (Fig. 5B, white arrows) . The other two isoforms of this protein were also found in close association with ICs. Similar nuclear patterns of HP1 proteins were observed in HT29 cells treated with HDACi (not shown).
The influence of HDACi on the nuclear arrangement of heterochromatic regions and selected coding sequences Because of the affinity of HP1 protein to centromeric heterochromatin, radial distributions of selected centromeres were investigated. The centre-of-nucleus to centromere average distances and centromere-to-centromere average distances, were analysed for human chromosomes 8, 9 and 10. For comparison, selected coding sequences (the MYC and CCND1 genes) were also studied after HDACi treatment. The results show that centromeric heterochromatin was repositioned closer to the nuclear periphery, while coding regions were relocated closer to the nuclear centre (Table 1) . Consistent with this observation, the distances between homologous centromeres were increased, and distances between homologous genes were decreased. The increase in the distance between the MYC gene (8q24) and the centromere of chromosome 8 (Table 1) confirmed the decondensation of chromatin induced during histone hyperacetylation described above.
Finally, we investigated the relationship of centromeric regions to densely H3(K4) dimethylated chromatin at the nuclear periphery of TSA-treated A549 cells (Fig. 7) . We found that the centromeres are integrated into chromatin Journal of Cell Science 118 (21) compartments that lack H3(K4) dimethylation in both control and TSA-treated samples (Fig. 7 , compare control with TSA confocal sections). Confocal sections S1 and S3 are shown in order to demonstrate that most of the centromeric regions in TSA-treated cells are located on the nuclear periphery, which cannot be easily distinguished in the maximum image (Fig. 7) . Similar results were obtained for H3(K9) acetylation (not shown).
Discussion
Cytological changes induced by HDAC inhibitors
Histone deacetylases (HDACs) can be inhibited by short-chain fatty acids such as sodium butyrate (Bell and Jones, 1982; Hague et al., 1993) and hydroxamic acids (e.g. Trichostatin A) (Yoshida et al., 1990; Yoshida et al., 1995; Koyama et al., 2000) . HDAC inhibitors have the potential to induce changes in the cell-cycle profile, differentiation, apoptosis and to modulate chromatin plasticity, facilitating protein/DNA interactions and thus transcriptional control (Cohen et al., 1999; Kovaríková et al., 2000; Yamashita et al., 2003; Tóth et al., 2004) . Several reports have suggested that cells treated with these agents undergo apoptosis as a terminal event of cell differentiation, and that it is connected with induced histone hyperacetylation leading to transcriptional activation of specific loci (Candido et al., 1978; McCaffrey et al., 1997) . However, down-regulated expression of other loci can be induced by treatment with NaBt (Heruth et al., 1993; Krupitza et al., 1995) or TSA (Takahashi et al., 1996) .
The first marked effects of HDACi are changes in nuclear volume (Fig. 1A) , which is most probably related to chromatin decondensation. A pronounced decondensation was also found for classical satellites of chromosome 9 (Fig. 1B) . In our experiments the changes in nuclear volume were reversible (not shown), which was in agreement with the results of Tóth et al. (Tóth et al., 2004) , who reported reversibility in chromatin decondensation after TSA treatment in HeLa cells.
An exception to the changes in nuclear volume was found in the case of NaBt treatment of HT29 cells (Fig. 1A) , in which these effects were not significant, probably due to the fact that two processes were induced together: hyperacetylation, producing chromatin decondensation (Tóth et al., 2004) , and cell differentiation, accompanied in most cases by chromatin compaction Francastel et al., 2000) (A.H. et al., unpublished data) . These processes may antagonize nuclear volume changes that could also be the consequence of the cellcycle effects. Therefore, cell-cycle profiles were monitored after treatment of cells with TSA and NaBt ( Fig. 2A) . TSA induced increased number of cells in G2 phase, while NaBt arrested the cells in G1. Because of the possible contribution of G2 cells to the increased nuclear volume, the G1 and G2 cells were investigated separately after TSA treatment. In these experiments, the nuclear volumes of both G1 and G2 cells were approximately doubled, suggesting equal levels of decondensation in both stages of the cell cycle after HDAC inhibition.
In parallel with chromatin decondensation, a fraction of the cell population underwent apoptosis after HDACi treatment (Fig.  1C) . In our experiments TSA was a more efficient pro-apoptotic agent than NaBt for both A549 and HT29 cells. Apoptosis, which was found in less than 20% of the total cell population studied (in both de-attached and adherent cells), is characterized by extensive chromatin compaction (Kerr et al., 1972; Cohen, 1994) . The apoptotic cells were eliminated from our immunocytochemical analyses, as mentioned in the Results section. In order to elucidate the influence of apoptosis on histone methylation levels, additional experiments were performed with the exclusively pro-apoptotic agent etoposide, which does not change the level of H3(K9) dimethylation (see Bártová et al., 2005) . We therefore assume that the apoptotic process was probably not responsible for increased H3(K9) dimethylation levels observed after HDACi treatment. This is also supported by the results shown in Fig. 4A ,B, which demonstrate an identical increase in histone methylation and acetylation after NaBt alone or after simultaneous addition of NaBt and TNF␣, which potentiates apoptosis (Fig. 4A,B, 
lamin B cleavage).
Changes of histone modifications and higher-order chromatin structure induced by HDAC inhibitors The aim of our experiments was to demonstrate possible differences in selected modifications of histones, HP1 protein levels and nuclear patterns induced after treatment of cells with TSA and NaBt. Increased H3(K4) dimethylation and H3(K9) acetylation, and a constant level of H3(K9) dimethylation were expected after HDACi treatment. Stability of the H3(K9) dimethylation was expected because of the absence of the corresponding histone demethylases (Rice and Allis, 2001) . However, on a global nuclear level, increased H3(K9) and H3(K4) dimethylation, as well as increased H3(K9) acetylation, were observed after TSA or NaBt treatment (Fig.  2B) . These results strongly support the conclusion that H3(K9) acetylation and H3(K9) dimethylation occur in independent sets of H3 molecules, as reported by Maison et al. (Maison et al., 2002) for pericentric heterochromatin.
In our experiments, the significantly increased levels of histone modifications studied (Fig. 2B) were accompanied by changes in interphase patterns. The levels of the proteins determined by western blots do not always correspond to those determined by quantitative immunocytochemistry, which can be influenced to a greater extent by experimental conditions, such as accessibility of epitopes to antibodies. Therefore, the density of immunostaining may appear the same for both control and treated cells (Fig. 3A for H3 (K9) dimethylation) in spite of the fact that western blots showed increased levels after HDACi (Fig. 2B) .
In both control and treated cells, H3(K9) dimethylated histones were equally dispersed in interphase nuclei, including the perinucleolar regions (Fig. 3A) . However, in control cells, H3(K9) acetylated and H3(K4) dimethylated histones were mostly absent from the nuclear periphery, and from the perinucleolar regions (Fig. 3B,C) . After TSA and NaBt stimulation, peripheral histones became H3(K9)-acetylated and H3(K4)-dimethylated (Fig. 3B,C, and quantification in D) . A similarly increased level of acetylation at the nuclear periphery in TSA-treated cells was also reported by Gilchrist et al. (Gilchrist et al., 2004) for H3 and H4 histones, while the nuclear pattern of H3(K9) dimethylation remained unchanged. In our experiments, we confirmed that these findings are also valid for another HDAC inhibitor, sodium butyrate, and therefore it seems to be a general effect caused by histone hyperacetylation. In addition, we observed that H3(K4) dimethylation, associated with the active chromatin state (summarised by Lachner et al., 2003) , is also more pronounced at the nuclear periphery of cells treated with both hyperacetylating agents (Fig. 3C,D and Fig.  4D ). The strongly acetylated and H3(K4) dimethylated peripheral shell of HDACi-treated cells is not uniform (Fig.  3B ,C, red arrow, and Fig. 7 ). Uniformity is interrupted by centromeric heterochromatin (Fig. 7) that is characterized by pronounced reposition to the nuclear periphery of HDACitreated cells (Table 1 and Fig. 6A ).
These observations are in accordance with the radial arrangement of the genome in the nucleus; in which transcriptionally silent chromatin is located near the nuclear periphery and active loci are positioned more interiorly (Sadoni et al., 1999; Skalníková et al., 2000; Kozubek, S. et al., 2002) . After the cell treatment by HDACi, the fraction of centromeric heterochromatin located in the nuclear periphery increased, whereas the coding sequences analysed were either repositioned towards the nuclear interior (Table 1) or retained in their original nuclear position (A.H. et al., unpublished data) . These results indicate that the HDAC inhibition did not alter the spatial arrangement of euchromatin and heterochromatin in interphase nuclei but rather it caused their more distinct compartmentalization.
Changes in the interphase patterns and levels of HP1 proteins after HDACi treatment We studied the global levels of HP1 proteins in our Journal of Cell Science 118 (21) experiments. It is known that HP1␣ and ␤ associate with heterochromatin, and HP1␥ localizes to both euchromatic and heterochromatic compartments of interphase nuclei (Minc et al., 1999; Minc et al., 2000) . During interphase, all HP1 subtypes are localized to centromeric heterochromatin and to promyelocytic leukaemia (PML) nuclear bodies, but with different preferences (Hayakawa et al., 2003) . The HP1 function is closely related to histone H3(K9) methylation (see Rice and Allis, 2001) . The HDAC inhibitors used in our experiments decreased the levels of all isoforms of HP1 proteins (Fig. 5A) ; therefore, these data also indicate a close association between global histone hyperacetylation and reduced levels of HP1 isoforms. In both cell types tested, the decrease in HP1 levels was accompanied by the formation of more pronounced foci of these proteins (Fig. 5B) . More remarkable distinctions in the patterns of HP1 proteins were reported by Gilbert et al. , who found a loss of HP1s during differentiation of chicken erythrocytes; HP1s were also absent from erythrocytes of Xenopus and zebrafish. A reversible disruption of HP1 proteins from centromeric heterochromatin after HDAC inhibition was reported by Taddei et al. (Taddei et al., 2001 ). In our experiments, distinct foci of HP1 proteins of HDACi-treated cells were found in the interior of the nucleus (Fig. 5C ), dissociated from peripherally localized centromeric heterochromatin, which was directly shown for HP1␣ and CENP-A in colocalization experiments (Fig. 6B ). These nuclear events could be associated with a reduced level of HP1␣ (Fig. 5A ) and with the formation of more interiorly located distinct foci of the protein studied (Fig. 5B,C) . In our experimental system, dissociation of HP1␣ from centromeres was not observed in all cases; some centromeres (especially centromeres of acrocentric chromosomes, positioned in close proximity to nucleoli) did not lose their HP1␣ binding partner (Fig. 6B) .
The changes in the binding efficiency of HP1 proteins after HDAC inhibition could also be reflected in the co-localization of HP1 proteins with TO-PRO-3-negative interchromatin compartments (IC) (e.g. Fig. 5B , white arrows for HP1␥). IC regions represent chromatin-free areas lined by chromatin domain surfaces (Bridger et al., 1998; Cremer and Cremer, 2001 ) (reviewed by Dundr and Misteli, 2001 ). Visser et al. (Visser et al., 2000) suggested that chromatin loops can expand into these spaces and that transcriptional and splicing factors freely occupy these IC regions. These data imply that nuclear positioning of HP1 proteins in close proximity to IC could probably be important for their nuclear function in HDACitreated cells.
Concluding remarks
In our experiments, a clear correlation was observed between increases in H3(K9) acetylation and in H3(K4) dimethylation, and decreased levels of HP1 proteins induced by HDACi. Contrary to our expectation, the level of H3(K9) dimethylation was increased, which suggests some additional mechanism regulating this type of histone modification. Looking at the patterns, we can conclude that H3(K9) dimethylation is homogeneously distributed within interphase nuclei and conserved after histone hyperacetylation. By contrast, H3(K9) acetylation and H3(K4) dimethylation are more dynamic, particularly at the nuclear periphery where these types of histone modification are more abundant after the treatment with HDAC inhibitors. These epigenetic changes were accompanied by peripheral repositioning of large fraction of centromeric heterochromatin in parallel with central repositioning of HP1 proteins. Colocalization experiments showed directly that histone hyperacetylation caused dissociation of HP1 protein from centromeres, particularly from those located at the nuclear periphery.
